Intrauterine growth restriction (IUGR) increases the risk of preterm birth, neonatal morbidity and mortality, and the development of diabetes and obesity during the life span ([@B1]--[@B3]). In animal models of IUGR, early developmental shifts in fetal metabolism include increased hepatic gluconeogenic gene expression, glucose production, and decreased pancreatic insulin secretion ([@B2],[@B4]--[@B8]). Postnatal offspring from animal models of IUGR continue to have increased hepatic glucose production accompanied by insulin resistance and defects in insulin secretion ([@B5],[@B9]--[@B12]). Activation of glucose production in the fetus with IUGR may be a beneficial adaptive response to maintain glucose supply to vital organs as placental glucose supply is diminished. If persistent after birth, however, this adaptation can have adverse consequences by promoting glucose production in excess of glucose utilization capacity, contributing to persistent hyperglycemia.

Gluconeogenesis is regulated such that expression of PEPCK (*PCK1* gene), glucose-6-phosphatase (G6Pase, *G6PC* gene), and fructose-1,6-bisphosphatase is normally quiescent until just before birth, when increases in glucagon, cortisol, and catecholamines activate the glycogenolytic and gluconeogenic pathways ([@B13]--[@B15]). Experiments in fetal sheep indicate similar effects of these hormones on glucose metabolism ([@B4],[@B6],[@B15]--[@B17]). Expression of peroxisome proliferator--activated receptor γ coactivator (PGC) 1α and activation of cAMP-responsive element--binding protein (CREB) are increased in the IUGR fetal liver, supporting a role for increased cAMP in transcriptional activation of PEPCK and G6Pase ([@B6],[@B7],[@B18],[@B19]). Previously, we found only modest increases in CCAAT enhancer binding proteins α and β and a lack of activation of several energy and stress sensors, indicating that IUGR produces a complex and robust set of mechanisms resulting in fetal glucose production ([@B6],[@B7]).

Insulin is the dominant mechanism for suppressing gluconeogenic gene expression and glucose production; however, the mechanisms of insulin's effects on postnatal hepatic glucose metabolism have become delineated only recently ([@B20],[@B21]). Little is known about the regulation of glucose production in fetuses with premature activation of gluconoegenesis and no prior studies have examined how insulin regulates hepatic glucose metabolism in the IUGR fetus. In the IUGR fetus, basal insulin concentrations are reduced and those of counter-regulatory hormones are increased, favoring increased glucose production ([@B4],[@B6],[@B16],[@B17]).

We hypothesized that IUGR produced by placental insufficiency results in an adaptive increase in hepatic glucose production, which is not suppressed by insulin, while peripheral insulin sensitivity for glucose utilization is maintained. Our aim was to test the ability of insulin to suppress hepatic glucose production and gluconeogenic gene activation and simultaneously increase peripheral glucose utilization in a fetal sheep model of IUGR. We also tested whether insulin could appropriately activate and regulate signaling pathways and nuclear proteins in the IUGR fetal liver that control glucose production and the persistence of these effects in isolated hepatocytes.

RESEARCH DESIGN AND METHODS {#s1}
===========================

IUGR fetal sheep model. {#s2}
-----------------------

Pregnant Columbia-Rambouillet ewes were studied under regulatory compliance at the University of Colorado School of Medicine Perinatal Research Center, Aurora, Colorado. IUGR fetuses were created by exposing pregnant ewes to elevated humidity and temperature (40°C for 12 h, 35°C for 12 h) from 37 ± 1 days' gestational age (dGA) (term = ∼147 dGA) to 116 ± 1 dGA in an environmentally controlled room ([@B6],[@B7],[@B22]). Control (CON) fetuses were from pregnant ewes exposed to normal humidity and temperatures daily (25°C) in an environmentally controlled room from 38 ± 1 to 117 ± 2 dGA. These ewes were pair-fed to the intake of the IUGR ewes. After treatment, ewes were exposed to normal humidity and temperatures until the time of the study. Indwelling catheters were surgically placed in the umbilical vein, descending aorta, and femoral vein of the fetuses at ∼125 dGA (CON, 125 ± 2 dGA; IUGR, 126 ± 1 dGA) using previously described procedures ([@B6],[@B23]). Maternal catheters were placed in the femoral artery and vein. All ewes were carrying singleton pregnancies, except for one in the CON group and two in the IUGR group, which were carrying twins or triplets. Only one fetus per pregnancy was catheterized and studied.

Fetal hyperinsulinemic clamp and glucose metabolism study. {#s3}
----------------------------------------------------------

A fetal hyperinsulinemic-isoglycemic clamp was performed (CON: 132 ± 1 dGA, *n* = 6; IUGR: 133 ± 1 dGA, *n* = 9) ([@B24]). Tracer infusions were initiated with a bolus of ^3^H~2~0 (37.5 μCi) and [d]{.smallcaps}-(U-^14^C-glucose) (62.5 μCi) to measure umbilical blood flow and glucose metabolism, respectively, followed by a constant infusion of ^3^H~2~0 (0.5 μCi/min) and ^14^C-glucose (0.83 μCi/min) ([@B6],[@B23],[@B24]). After 90 min, four steady-state basal blood samples were drawn simultaneously from the umbilical vein and fetal artery at 10- to 15-min intervals. The clamp was initiated with a priming dose of insulin (150 mU/kg) followed by a constant infusion (3 mU/min/kg based on estimated fetal weight at the time of surgery). Isoglycemia was maintained with a prime (2.5 mL) followed by a variable infusion of glucose (25% dextrose in saline). In addition, a balanced amino acid solution (Trophamine) was infused (2.5 mL prime followed by a variable infusion) in three CON and seven IUGR fetuses. The three CON and two IUGR fetuses that did not receive Trophamine were included in all analyses because no differences were found for variables measured ([Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1727/-/DC1)). Fetal arterial plasma glucose and branched chain amino acid (BCAA) concentrations were monitored every 10--15 min and infusion rates were adjusted to match each fetus' own mean arterial glucose and BCAA concentration observed during the basal period. After physiologic and isotopic steady state was reached (CON, 166 ± 13 min; IUGR, 164 ± 6 min), another set of four blood samples were drawn at 10- to 15-min intervals. Fetal blood was replaced isovolumetrically with heparinized maternal blood during both draw periods (40 mL/period) ([@B24]--[@B26]).

Analysis of blood samples. {#s4}
--------------------------

Measurements were performed in all umbilical venous and arterial samples (four per period), unless indicated, and mean values were calculated per period. Blood samples were analyzed for hematocrit, pH, P[o]{.smallcaps}~2~ and partial pressure of CO~2~, oxygen saturation, and oxygen content using a blood gas analyzer as well as plasma samples for glucose and lactate using Yellow Springs Instrument 2700 and plasma BCAA concentrations with spectrophotometry ([@B6],[@B7],[@B27]). Fetal blood concentration of radioactive glucose and plasma ^3^H~2~O were measured as previously described ([@B23],[@B28]). Plasma arterial insulin, glucagon, norepinephrine, and cortisol were measured ([@B4],[@B6],[@B29]).

Calculations. {#s5}
-------------

Umbilical plasma and blood flow was determined by steady-state diffusion (^3^H~2~O) ([@B28],[@B30]). Umbilical (net fetal) oxygen, umbilical glucose uptake (UGU) rate, and fetal glucose utilization rate (GUR) were calculated as previously described ([@B6],[@B23],[@B31]). Total fetal glucose entry rate (GER) equals the sum of the UGU rate and the glucose infusion rate (GIR). Fetal glucose production rate (GPR) was calculated as the difference between the GUR and GER ([@B6],[@B26]). All results were normalized to fetal weight determined at necropsy. Glucose tracer and metabolism data were excluded for one IUGR fetus that was not at isotopic steady state during the insulin period. The fetuses from twin and triplet pregnancies were included in analyses because no differences were noted between them and singletons ([Supplementary Table 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1727/-/DC1)).

Liver tissue. {#s6}
-------------

After completion of blood sampling, under insulin-clamped conditions (∼3.5 h after starting insulin), the ewe and fetus were killed. Fetuses were weighed and samples of liver tissue were collected immediately and snap frozen in liquid nitrogen. Liver tissue for molecular analysis also was collected from other CON and IUGR fetuses that received either a hyperinsulinemic-isoglycemic clamp or a saline-only infusion in the absence of glucose tracers. The saline groups provided unstimulated basal tissue for analyses.

Gene expression. {#s7}
----------------

RNA was extracted from liver tissue, reverse transcribed, and used in real-time PCR as previously described ([@B7]). Primers used for real-time PCR assays were *IGFBP1* (Fʹ-CCAGGGAGCAGCAGAAGGC, Rʹ-GAGCCCAGGCTCTCCGTCCA) and as previously reported ([@B7]).

Western blotting. {#s8}
-----------------

Whole-cell lysates and nuclear enriched protein lysates were prepared from liver tissue, and Western immunoblotting was performed ([@B7]). Antibodies were from Cell Signaling to detect phosphorylated (p-)FOXO1 (T24), total FOXO1, p-Jun NH~2~-terminal kinase (JNK) (T183/Y185), total JNK, and p-GSK3β (S9); from Calbiochem to detect total GSK3β; from Santa Cruz to detect G6Pase; and from Abcam to detect PEPCK; and as previously described ([@B7]). Samples were run on two blots (10 samples each plus a reference sample). Results were quantified on each blot and data for the reference sample on both blots were determined to be similar.

Primary fetal hepatocytes. {#s9}
--------------------------

Primary fetal sheep hepatocytes were isolated ([@B32]). A 15- to 30-g piece of the medial right lobe was flushed with perfusion buffer (PB) (10 mmol/L HEPES, 138 mmol/L NaCl, 5.3 mmol/L KCl, 0.7 mmol/L Na~2~HPO~4~) containing 30 U/mL heparin, followed by perfusion with PB supplemented with 0.5 mmol/L EGTA, 2 mmol/L glucose, and 0.5% BSA, and then 500 mL PB supplemented with 2 mmol/L glucose, 3 mmol/L CaCl~2~, 1.2 mmol/L MgSO~4~, 0.5% BSA, 0.05% collagenase, and 0.001% DNase I. Digested tissue was filtered, cells were spun and washed three times with Dulbecco's modified Eagle's medium (DMEM) similar to fetal circulation (1.1 mmol/L glucose, 2 mmol/L lactate, 2 mmol/L glutamine, 1 mmol/L pyruvate, 1× nonessential amino acids, 1× penicillin-streptomycin) supplemented with 0.1 nmol/L insulin, 10 mmol/L dexamethasone, and 10% FBS. Cells were plated in complete DMEM (3 × 10^5^ cells/cm^2^, six-well plates, 5 μg/cm^2^ collagen). After a 4-h attachment period, cells were washed twice and media was replaced with fetal DMEM plus 0.2% BSA. After overnight incubation, hepatocytes were washed twice and incubated in phenol red and glucose-free DMEM with 10 mmol/L HEPES, 0.369% NaHCO~3~, 2 mmol/L sodium pyruvate, 20 mmol/L sodium lactate containing 100 μmol/L cAMP, 500 nmol/L dexamethasone, or 100 nmol/L insulin, as indicated, for 24 h in duplicate wells. Glucose in the media (glucose oxidase assay) and protein content of cells (bicinchoninic acid protein assay) per well was measured.

Statistical analysis. {#s10}
---------------------

Data were analyzed by mixed model ANOVA with fixed effects of group (CON, IUGR), period (basal, insulin), and the interaction and random effect for sheep using SAS software (PROC MIXED). Measurements in liver tissue were analyzed with fixed effects of group (CON, IUGR), treatment (saline, insulin), and the interaction. Hepatocyte data were analyzed similarly and included a random effect for animal of origin. When the interaction was significant, individual posttest comparisons were made. In CON fetuses, GPR was tested against a theoretical mean of zero by one-sample *t* test and Wilcoxon signed rank test. Statistical significance was declared at *P* \< 0.05.

RESULTS {#s11}
=======

Fetal characteristics. {#s12}
----------------------

IUGR fetuses had smaller placentas (IUGR, 261 ± 52 g; CON, 444 ± 40 g; *P* \< 0.05) and weighed ∼40% less than CON fetuses (IUGR, 2.1 ± 0.2 kg; CON, 3.4 ± 0.1 kg; *P* \< 0.001). Under basal conditions, IUGR fetuses had 30% lower plasma insulin concentrations and similar glucose and BCAA concentrations compared with CON fetuses ([Table 1](#T1){ref-type="table"}). Insulin infusions during the clamp increased plasma insulin concentrations similarly by more than 50-fold, and, by design, glucose and BCAA concentrations in CON and IUGR fetuses were not different compared with the basal period ([Table 1](#T1){ref-type="table"}). This allowed us to test the effect of hyperinsulinemia independently of glucose.

###### 

Fetal arterial blood hematological values, plasma nutrient and hormone concentrations, and blood flow and oxygen uptake rates

![](65tbl1)

IUGR fetuses had lower arterial blood oxygenation compared with CON fetuses but had similar oxygen consumption rates ([Table 1](#T1){ref-type="table"}). Hyperinsulinemia further reduced fetal arterial oxygenation in both CON and IUGR groups, yet oxygen consumption rates remained similar ([Table 1](#T1){ref-type="table"}). Fetal arterial blood pH and the partial pressure of CO~2~ were similar in CON and IUGR fetuses during the basal period. During hyperinsulinemia, blood pH decreased and the partial pressure of CO~2~ increased in CON and IUGR fetuses ([Table 1](#T1){ref-type="table"}). Plasma lactate concentrations were higher in IUGR fetuses under basal conditions and increased twofold in both groups during hyperinsulinemia ([Table 1](#T1){ref-type="table"}). Weight-specific umbilical blood flow rates were 35% lower in IUGR fetuses during both periods and insulin reduced flow by 5--15% in CON and IUGR fetuses ([Table 1](#T1){ref-type="table"}).

Glucose metabolism rates. {#s13}
-------------------------

Insulin infusion rates based on necropsy-determined fetal weight were similar between groups (CON, 2.5 ± 0.3 mU/min/kg; IUGR, 2.9 ± 0.2 mU/min/kg; *P* = 0.3). UGU was not different between CON or IUGR fetuses during the basal or insulin periods ([Fig. 1](#F1){ref-type="fig"}). GIR and total GER (GER = GIR + UGU) during the clamp were similar between CON and IUGR fetuses, but GER was higher in both groups during hyperinsulinemia due to the GIR ([Fig. 1](#F1){ref-type="fig"}). IUGR fetuses had a higher GPR under basal conditions compared with CON fetuses, which is consistent with prior data ([@B6]). In response to hyperinsulinemia, IUGR fetuses maintained this increased GPR. GPR was not significantly different from zero in CON animals during basal or insulin periods (*P* \> 0.05).

![Glucose metabolism flux rates measured in late gestation CON and growth-restricted (IUGR) fetal sheep during basal and hyperinsulinemic clamp (insulin) periods. Total fetal GER represents the sum of UGU (lower bars) and GIR (upper bars). GUR was measured with glucose tracer, and GPR represents the difference between GUR and GER. Means ± SE are shown for CON (*n* = 6; white bars) and IUGR (*n* = 8 or 9; black bars). Significant effects from two-way ANOVA are indicated.](65fig1){#F1}

In response to insulin, the GUR increased nearly twofold in both CON and IUGR fetuses. GUR was positively correlated with the insulin infusion rate across all fetuses and study periods. When compared separately, however, the relationship was significant only in IUGR fetuses and not in CON fetuses ([Fig. 2*A*](#F2){ref-type="fig"}). GPR did not correlate with insulin infusion rate in CON or IUGR fetuses ([Fig. 2*A*](#F2){ref-type="fig"}).

![Fetal glucose metabolism rates and plasma hormones. *A:* The relationship between GUR (*left*) and GPR (*right*) and insulin infusion rate during the clamp in CON (*n* = 6) and growth-restricted (IUGR) (*n* = 8) fetuses. *B:* The relationship between GPR with plasma cortisol (log-transformed) (*left*) and norepinephrine (log-transformed) concentrations (*right*) in CON and IUGR fetuses during basal and hyperinsulinemic clamp (insulin) periods (*n* = 28).](65fig2){#F2}

Hormone levels. {#s14}
---------------

IUGR fetuses had fivefold increases in arterial plasma cortisol concentrations during basal and insulin periods ([Table 1](#T1){ref-type="table"}). Concentrations of cortisol, glucagon, and norepinephrine increased by approximately twofold in both CON and IUGR fetuses during hyperinsulinemia ([Table 1](#T1){ref-type="table"}). GPR was positively correlated with fetal cortisol and norepinephrine concentrations ([Fig. 2*B*](#F2){ref-type="fig"}) but not glucagon (data not shown).

Hepatic gluconeogenic gene expression. {#s15}
--------------------------------------

The IUGR fetal liver had a more than 30-fold increase in mRNA abundance of *PCK1*, the cytosolic form of PEPCK, and a 20-fold increase in *G6PC* under basal conditions ([Fig. 3*A*](#F3){ref-type="fig"}). In response to hyperinsulinemia, *PCK1* mRNA was not suppressed in the IUGR liver and remained elevated by 30-fold. Expression of *G6PC* was reduced 75% by insulin in the IUGR livers, yet was still more than fourfold higher compared with CON livers under insulin conditions ([Fig. 3*A*](#F3){ref-type="fig"}). Given the short half-life (30 min) of *PCK1* mRNA, we examined the levels of these proteins. Protein expression of PEPCK was increased by 50% in IUGR livers and expression of G6Pase increased more than twofold during both basal and hyperinsulinemic periods ([Fig. 3*B*](#F3){ref-type="fig"}).

![The effect of growth restriction (IUGR) and hyperinsulinemia (insulin) on the expression of gluconeogenic genes and proteins in the fetal liver. Liver samples were collected from CON and IUGR fetuses after a saline infusion (saline) or hyperinsulinemic clamp (insulin). *A:* RNA was analyzed for expression of *PCK1* and *G6PC*. Means ± SE are shown for each group in saline (CON, *n* = 5; IUGR, *n* = 9) and insulin (CON, *n* = 11; IUGR, *n* = 13). *B:* Protein expression of PEPCK, G6Pase, and β-actin was measured by Western blotting in whole-cell tissue lysates. Representative images and quantifications are shown for saline (CON, *n* = 4; IUGR, *n* = 4) and insulin (CON, *n* = 6; IUGR, *n* = 6). Significant effects from two-way ANOVA are indicated.](65fig3){#F3}

Molecular effects of insulin. {#s16}
-----------------------------

The lack of suppression of GPR and PEPCK by insulin prompted us to evaluate the effect of hyperinsulinemia on the insulin signaling pathway. Expression of components in the proximal pathway (IR-β, IRS-2, p85, AKT1, and AKT2) were relatively similar between CON and IUGR fetal livers during the basal and insulin periods ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1727/-/DC1)). Phosphorylation of (p-)AKT at S473 was modestly increased under basal and insulin conditions in IUGR livers ([Fig. 4](#F4){ref-type="fig"}). In response to insulin, p-AKT (S473 and T308) increased nearly 10-fold in both the CON and IUGR groups ([Fig. 4](#F4){ref-type="fig"} and [Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1727/-/DC1)). We next measured activation of two AKT target proteins, GSK3β and FOXO1 ([@B33],[@B34]). Insulin increased p-GSK3β twofold in CON and IUGR livers ([Fig. 4](#F4){ref-type="fig"}). Under basal conditions, p-FOXO1 (T24) was more than twofold higher in IUGR livers. Furthermore, insulin increased p-FOXO1 by nearly threefold in CON livers but failed to do so in the IUGR livers ([Fig. 4](#F4){ref-type="fig"}).

![The effect of growth restriction (IUGR) and hyperinsulinemia (insulin) on the activation of AKT, GSK3β, and FOXO1 in the fetal liver. Protein expression of p-AKT (S473), total AKT, p-GSK3β (S9), total GSK3β, p-FOXO1 (T24), total FOXO1, and actin was measured by Western blotting in whole-cell tissue lysates. Representative images are shown. Results were quantified and means ± SE are shown for saline (CON, *n* = 4; IUGR, *n* = 4) and insulin (CON, *n* = 6; IUGR, *n* = 6). Significant effects from two-way ANOVA are indicated.](65fig4){#F4}

Given the importance of cellular localization of AKT and FOXO1 in mediating insulin's effects, we measured expression in nuclear and cytosol-enriched protein lysates. Nuclear p-AKT (S473) was increased 10-fold in both the CON and IUGR groups ([Fig. 5*A*](#F5){ref-type="fig"}). Basal nuclear FOXO1 protein localization was similar between the CON and IUGR groups. Insulin reduced nuclear FOXO1 expression in CON livers by 50%, yet in the IUGR livers nuclear FOXO1 expression was unchanged by insulin and was twofold higher compared with CON livers ([Fig. 5*A*](#F5){ref-type="fig"}). Cytosolic expression of FOXO1 was similar under basal and insulin conditions ([Fig. 5*B*](#F5){ref-type="fig"}). The ratio of nuclear to cytosolic FOXO1 protein expression during the insulin period was 25% higher in IUGR livers compared with CON livers ([Fig. 5*B*](#F5){ref-type="fig"}). Nuclear JNK phosphorylation was increased more than fivefold in the IUGR fetal livers ([Fig. 5*A*](#F5){ref-type="fig"}) in response to insulin.

![The effect of growth restriction (IUGR) and hyperinsulinemia (insulin) on nuclear AKT, FOXO1, and JNK in the fetal liver. *A:* Nuclear protein expression of p-AKT (S473), total AKT, total FOXO1, p-JNK (p54 and p46 at T183/Y185), total JNK (p54 and p46), and lamin A/C measured by Western blotting. *B*: Cytosolic protein expression of FOXO1 and β-actin. Representative images and quantification of results and ratio of nuclear to cytosolic FOXO1 protein expression are shown. Means ± SE are shown for saline (CON, *n* = 4; IUGR, *n* = 4) and insulin (CON, *n* = 6; IUGR, *n* = 6). Significant effects from two-way ANOVA are indicated. Bars with different letters are significant differences when interaction (I × I) is significant.](65fig5){#F5}

We next examined the mRNA expression of *IGFBP1*, a target of insulin and a measure of FOXO1 activity ([@B34],[@B35]). *IGFBP1* was increased fourfold in the IUGR livers under basal conditions and remained increased during hyperinsulinemia, consistent with increased FOXO1 activity ([Fig. 6*A*](#F6){ref-type="fig"}). Likewise, expression of *PGC1A* mRNA was increased nearly threefold in the IUGR livers during basal and insulin conditions ([Fig. 6*A*](#F6){ref-type="fig"}). Nuclear expression of p-CREB was higher in the IUGR livers by 30% during basal conditions and nearly 50% during hyperinsulinemia, although neither increase was statistically different ([Fig. 6*B*](#F6){ref-type="fig"}). Nuclear expression of hepatocyte nuclear factor 4α (HNF4α) was increased by 20% in IUGR livers ([Fig. 6*B*](#F6){ref-type="fig"}).

![The effect of growth restriction (IUGR) and hyperinsulinemia (insulin) on expression nuclear target genes and regulators in the fetal liver. Liver samples were collected from CON and IUGR fetuses after a saline infusion (saline) or hyperinsulinemic clamp (insulin). *A:* RNA was analyzed for expression of *IGFBP1* and *PGC1A*. Means ± SE are shown for each group in saline (CON, *n* = 5; IUGR, *n* = 9) and insulin (CON, *n* = 11; IUGR, *n* = 13). *B:* Nuclear protein expression of p-CREB (S133), total CREB, and total HNF4α was measured by Western blotting. Representative images are shown. Results were quantified and means ± SE are shown for saline (CON, *n* = 4; IUGR, *n* = 4) and insulin (CON, *n* = 6; IUGR, *n* = 6). Significant effects from two-way ANOVA are indicated.](65fig6){#F6}

Isolated primary fetal hepatocytes. {#s17}
-----------------------------------

Isolated primary hepatocytes from the IUGR fetal livers had higher glucose output in response to treatment with dexamethasone and cAMP compared with untreated IUGR hepatocytes and compared with CON hepatocytes similarly treated ([Fig. 7](#F7){ref-type="fig"}). IUGR hepatocytes also tended to have higher glucose output (*P* = 0.18) compared with CON hepatocytes under all treatment conditions.

![The effect of growth restriction (IUGR) on glucose production in isolated primary fetal hepatocytes. Hepatocytes were isolated from CON and IUGR fetal livers. Glucose production was measured after 24 h of treatment with 500 nmol/L dexamethasone (DEX), 100 μmol/L cAMP, or 100 nmol/L insulin, as indicated. Results are expressed as glucose produced (μg) per amount of protein per well (μg). Means ± SE are shown (CON cell isolations, *n* = 4; IUGR cell isolations, *n* = 4). Significant effects from two-way ANOVA are indicated. \**P* \< 0.05 compared with all other group × treatment (I × T) comparisons.](65fig7){#F7}

DISCUSSION {#s18}
==========

This study is the first to show that increased glucose production and hepatic gluconeogenic gene expression (*PCK1, G6PC, PGC1A*) is not suppressible by insulin in late gestation IUGR fetal sheep. During hyperinsulinemia, GPR remained increased in IUGR fetuses. As expected, CON fetuses had a low basal GPR (not significantly greater than zero) because the gluconeogenic pathway is not activated until just before birth ([@B15]), leaving limited GPR for insulin to suppress. In other studies, acute fetal hypoglycemia alone increases GPR and gluconeogenic gene activation, similar to the IUGR fetus ([@B26],[@B36]--[@B38]). In the hypoglycemic fetus, GPR is suppressed by hyperinsulinemia ([@B26],[@B36]), indicating that factors besides hypoglycemia may be contributing to the development of hepatic insulin resistance in the IUGR fetus. Furthermore, these studies demonstrate that fetal GPR can be suppressed using an insulin clamp technique similar to the one performed here. Hyperinsulinemia also robustly increased glucose utilization in both CON and IUGR fetuses, supporting maintained peripheral sensitivity to insulin.

Mechanisms responsible for increased hepatic glucose production and the inability of insulin to suppress this in the IUGR fetus may include the combined effects of hormonal cues and persistently increased nuclear factors. Components in the proximal insulin pathway are similar between CON and IUGR fetal livers and, even in IUGR fetuses, insulin robustly activates nuclear AKT. Furthermore, insulin-stimulated phosphorylation of GSK3β, a target of AKT, is similar between CON and IUGR fetal livers. Thus, there is discordance between normal proximal insulin signaling to AKT and the failure of insulin to suppress gluconeogenic gene expression and GPR in the IUGR fetus. This is consistent with a nuclear mechanism and alteration in transcriptional regulation that seems to be unique in the IUGR fetus compared with adults and rodents with hepatic insulin resistance ([@B39]).

Improper FOXO1 activation and regulation may contribute to increased GPR and gluconeogenic gene expression. The phosphorylation and nuclear exclusion of FOXO1 is one well-characterized mechanism for insulin-mediated suppression of gluconeogenic gene expression, and recent studies indicate the importance of proper FOXO1 regulation for hepatic metabolism ([@B40]--[@B43]). Basal phosphorylation of FOXO1 is higher in the IUGR liver and is not increased further with insulin, nor is nuclear localization reduced, despite normal AKT activation. This is in contrast to the nearly threefold increase in phosphorylation and 50% reduction in nuclear FOXO1 in response in insulin in the CON liver. Expression of *PCK1* and *IGFBP1* mRNA, both transcriptional targets of FOXO1 ([@B34],[@B35]), remain increased during hyperinsulinemia in the IUGR liver, supporting increased nuclear FOXO1 activity. Nuclear phosphorylation of JNK is increased in the IUGR liver with insulin. JNK-mediated phosphorylation of FOXO1 has been shown to prevent 14-3-3 protein binding and subsequent nuclear export and degradation ([@B44]). We speculate that increased JNK activation in IUGR may antagonize AKT-induced phosphorylation, which has classically been viewed as the inactivation signal for FOXO1 nuclear exclusion. In addition, decreased phosphatase activity may contribute to increased p-FOXO1 in the IUGR liver. Mechanistic studies in isolated hepatocytes are needed to test these hypotheses.

Expression of *PGC1A* mRNA, nuclear HNF4α, and p-CREB are increased in the IUGR liver during basal and hyperinsulinemic conditions, supporting the potential role of cAMP-dependent signaling in mediating glucose production ([@B6],[@B7],[@B18],[@B45]). IUGR fetuses have increased cortisol concentrations, and cortisol and norepinephrine concentrations positively correlate with GPR, suggesting that these hormones may potentiate glucose production. Indeed, in normal fetal sheep, experimentally induced changes in cortisol, glucagon, and catecholamines have been implicated in regulating glucose production ([@B15]--[@B17]). Recent studies and our data also support an inverse relationship between fetal oxygenation and catecholamine concentrations (results not shown), which may drive glucose production in the IUGR fetus ([@B6]).

The increase in GPR is likely due to gluconeogenesis rather than glycogenolysis because liver glycogen content is similar between CON and IUGR fetuses (data not shown), and *PCK1* and *G6PC* gene expression were both higher in IUGR fetuses during hyperinsulinemia ([@B6],[@B7]). Given that *G6PC* expression was reduced with insulin in IUGR liver, it is possible that there is a change in glycogen flux, as observed in humans and canines during hyperinsulinemia ([@B20],[@B21],[@B46],[@B47]). Additional studies are needed to address this in fetal sheep. It is interesting that acute hyperglycemia (fourfold) accompanied by a twofold increase in insulin for 3 h was able to suppress glucose production rates in our fetal sheep model of IUGR ([@B6]). This suggests that glucose and insulin regulate glucose production via different mechanisms in the fetus, similar to the differential regulation observed in other species and physiological states ([@B46],[@B48]).

Offspring that were IUGR are at an increased risk for the development of insulin resistance and uncontrolled hepatic glucose production ([@B1]--[@B3]). Recent data suggest that IUGR produces early tissue differences in insulin sensitivity that eventually evolve into insulin resistance as the offspring mature ([@B2]). Our data support this: along with the inability of insulin to suppress GPR, IUGR fetal sheep maintained and potentially increased insulin sensitivity for glucose uptake and utilization by peripheral tissues. This finding is consistent with previous data in our model ([@B6]) and two other fetal sheep models of placental insufficiency and IUGR ([@B9],[@B25]), suggesting maintained or increased peripheral insulin sensitivity for glucose utilization. Despite a nearly 50% reduction in plasma insulin concentrations during basal conditions, IUGR fetuses had a GUR similar to that of CON fetuses ([@B4],[@B6]). During the insulin clamp, CON fetuses increased their GUR to a potentially maximal rate because there was little variation in GUR and no relationship with insulin infusion rate. Previous studies in normal fetal sheep have shown that insulin infusions producing more than fivefold increases in insulin concentration (\>∼5 ng/mL) during euglycemia result in a maximal GUR of ∼47 μmol/min/kg ([@B24]). In contrast, IUGR fetuses in this study demonstrated dose-response sensitivity to insulin infusion rate, with some having a GUR nearly twofold higher than that observed in CON fetuses.

Isolated primary IUGR fetal hepatocytes maintain increased glucose production. The persistence of this phenotype and the lack of induction in CON hepatocytes implicate developmental programming that is independent of in vivo factors such as circulating hormones, hypoxia, and nutrient supply. Future studies are needed to test whether persistent increases in expression of nuclear regulatory factors (PGC1α, FOXO1, or JNK) or alterations in *PCK1* promoter are responsible for glucose production in the IUGR liver.

Conclusions. {#s19}
------------

Glucose diffuses across the placenta to the fetus by concentration-dependent, facilitated transport ([@B49]). It is advantageous for the IUGR fetus to have a lower glucose concentration to maximize UGU because it has reduced placental glucose transport capacity ([@B22],[@B50]). Maintained or increased peripheral tissue glucose utilization and insulin sensitivity in the IUGR fetus also helps maintain glucose metabolism. The development of GPR adds an additional adaptive capacity of the fetus to maintain plasma glucose concentrations to support glucose uptake and energy metabolism. Together, the increased GPR and GUR maintain the survival of vital organs despite reduced restricted nutrient supply. These changes in fetal glucose metabolism have important implications for managing glucose homeostasis in IUGR neonates. Furthermore, the persistence of these phenotypes across the life span may underlie the increased susceptibility of IUGR offspring to develop hyperglycemia and type 2 diabetes.
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